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Abstract
As seafood demand rises with the growing population, methods of providing
sustainable and reliable protein are needed. Wild fishery stocks have decreased so
aquaculture is seen as the way to meet these growing demands. The aquaculture
industry has continued to grow 8.3% every year since 1970 primarily through using
intensive cultivation of a single species creating negative effects on the marine
environment. An increase in nutrients from these intensive cultivations can lead to
eutrophication, a decrease in oxygen, and alter the ecosystem structure and
biodiversity. Integrated multi-trophic aquaculture (IMTA) aims to offset the increased
input of nutrients through fish farming by incorporating a balanced ecosystem using
species from different trophic levels to mitigate waste and maximize crop yield. This
paper will evaluate the different sub-systems within IMTA practices and identify the
different metrics used to determine a species bioremediation potential and successful
IMTA implementation. A species bioremediation potential is defined by the species
ability to remove environmental pollutants. The ever-changing water and flow
conditions of the open ocean inhibit the full potential of a species extractive abilities.
However, these abilities can still be significant in reducing the nutrient loading from
finfish cultivation. As experiments continue, models will be a necessary tool to test
IMTA scenarios with more than one extractive species alongside a fed species. These
models can be adapted in order to be used in aquaculture operations around the globe,
but complex policies and negative public opinion have inhibited the development of
sustainable aquaculture practices in the United States.
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1. Introduction
As the global population continues to rise and oceans continue to be overfished,
researchers are looking to aquaculture productions to remediate the growing protein
demands. Capture fisheries harvest fish from their natural environment, freshwater or
marine, and have continued to stagnate or decrease since the 1970s. Since this time,
aquaculture production has increased an average of 8.3% every year (Klinger and
Naylor 2012). Aquaculture has been in use for centuries and has seen a significant
increase in commercial productions as wild fisheries stocks have declined. In 2014,
aquaculture produced 76 million tons of aquatic animals resulting in $160 billion in
economic value (Park et al. 2018) This increase in dependence of farmed fish as
compared to captured fish is shown in Figure 1.

Figure 1 Total production of world fisheries caption compared to aquaculture production
in millions of tons (Chu et al., 2020).
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Commonly, the aquaculture demand is met through the concentrated cultivation
of finfish, such as salmon, in land-based ponds, cages in shallow waters near the shore,
or in the open ocean where the cages allow water to flow freely through the open net
pens. This results in the release of excess nutrients, like phosphorus and nitrogen,
uneaten feed, and metabolic waste of cultivated animals into the water column
(Skriptsova and Miroshnikova 2011). Nutrients can be released as dissolved inorganic
nutrients or nutrients organically bound to the organic matter released from the fed
species. The influx of excess nutrients can result in a myriad of negative effects
including exponential phytoplankton growth which can result in oxygen depletion,
eutrophication, and changes in sediment chemistry and composition that can alter
biodiversity and community structure (Skriptsova and Miroshnikova 2011). This can
lead to further water pollution and habitat destruction.
In order to expand the aquaculture sector, innovative and sustainable practices
need to be developed that ensure profit, ecological efficiency and are beneficial to
society (Cubillo et al. 2016) The objectives for the sustainable development of
aquaculture includes the integration of environmental, economic, and socio-cultural
factors (White et al. 2004). The operational cost should not exceed the profits, the
environmental resources used should not be affected in quality and quantity, and
people’s socio-cultural needs should be secure. This means that operations should
have a neutral effect on the environment while still being economically feasible
(Barrington et al. 2010) Sustainable aquaculture also aims to ensure food and job
production and create marketable products that fulfill a long term need instead of a
short-term fix for the benefit of multinational corporations (White et al. 2004). In the
context of this paper, I will only be addressing the environmental aspects and benefits of
sustainable aquaculture development.
Integrated multi-trophic aquaculture systems (IMTA) are being discussed as a
sustainable method to increase aquaculture production while mitigating the associated
negative effects (Chopin and Robinson 2004). The term multitrophic means that
species from different trophic levels are used. This differs from the practice of
polycultures, which is the co-culture of different species that are on the same trophic
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level (Hadley et al. 2015). IMTA produces a balanced ecosystem by incorporating fed
and extractive species. Fed species are species that are provided with food in the
operation and are most commonly finfish and shrimp (Granada et al. 2018) Extractive
species require no additional feed inputs as they extract their nutrients from the local
environment. Common extractive species are macroalgae and deposit feeders.
Traditional aquaculture systems still in extensive use around the globe consists of
monocultures, where only one species is farmed, such as salmon. In contrast, IMTA
allows the waste of one species to become the feed to another species (Ellis and Tiller
2019). Over the last decade, research studies have presented IMTA as the most
promising way to continue to grow aquaculture while reducing the negative effects that
come from concentrated monocultures.
Methods of integrated aquaculture have been developing in areas around the
world, primarily China, for many decades. The complex laws regulating aquaculture in
the United States seem to be inhibiting the successful development of sustainable
aquaculture. Offshore aquaculture, also called open ocean aquaculture, is located
further into the open ocean where the ocean current can more easily disperse and filter
the excess nutrients (Park et al., 2018). In the United States, offshore aquaculture is
classified between 3 and 200 nautical miles off the coast which falls within the U.S.
Exclusive Economic Zone (EEZ) and nearshore aquaculture is between 0 and 3 nautical
miles from the coast (Fairbanks 2019). Outside of the United States, there is not a
universal definition of offshore aquaculture. Therefore, it is generally defined as
aquaculture occurring in the open ocean where it is subject to significant wind and wave
action and requires the operational equipment to withstand occasional severe sea
conditions (Ferreira et al. 2014). Most investigations into IMTA have been land-based
in earthen ponds or lab experiments, but as the open ocean has become more of a
necessary resource to meet production pressures, IMTA in offshore aquaculture
systems are becoming a more recent study subject (Qi et al. 2019). In America there is
no overarching law of agency to govern offshore aquaculture and at least nine federal
agencies regulate aquaculture in the United States EEZ (Fairbanks 2018). The
complex regulatory frameworks inhibit the expansion and development of sustainable
aquaculture in the United States.
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There are many different extractive species that can be used in IMTA systems
and each have the potential for bioremediation capabilities. Bioremediation is a species
capacity to remove environmental pollutants (Scriptsova and Miroshnikova 2011).
Bioremediation potential can be calculated in many ways depending on the desired
metric. In most cases involving IMTA studies it is calculated as the reduction of total
organic matter (TOM) or as the amount of dissolved nutrients, mainly nitrogen, removed
by macroalgae (Hadley et al. 2018). Because different components of an integrated
aquaculture system utilize different nutrients, the metrics quantifying a successful
species candidate varies. In this paper, the different metrics used for bioremediation
will be identified and compared in order to provide recommendation for further research.
The goal of this paper is to understand the dynamics of an IMTA system and to
determine the most appropriate method of creating a balanced ecosystem.
Furthermore, a system that allows aquaculture to continue to grow in a way that
mitigates waste production and increases maximum crop yield of the entire operation.
My hypothesis is that a system incorporating three or more trophic levels would have
the highest bioremediation potential as the different species would create a more
symbiotic system allowing for the greatest growth potential. To do so, I will examine
different methods of experimentation where one extractive species is tested for their
ability to remove organics introduced from a fed species. The different extractive
species studied are seaweeds, suspension feeders, and deposit feeders. And lastly, I
will overview the factors in America inhibiting the growth of sustainable aquaculture
practices.
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2. Background
2.1. Traditional Aquaculture
Aquaculture is defined as the farming of aquatic organisms and encompasses the
many methods of operation and uses of the organisms. It is a broad definition and
includes the farming of fish in land-based bonds, coastal areas, and open ocean farms.
Small-scale aquaculture is thought to have had roots in China from 4,000 years
ago(Chu et al. 2020, Soto 2009). However, it was not until the 1960s that aquaculture
was seen as a possible large-scale industry (White et al. 2004). Aquaculture production
is dominated by freshwater operations making up 60% of the total tonnage of products
(Klinger and Naylor 2012). Seawater operations make up 32.8% and 7.7% is done in
brackish water. The most common methods for farming freshwater fish are by using
land-based ponds, lakes, canals, and tanks with high stock density while marine and
brackish methods primarily use nearshore coastal ponds, tanks, and rafts (Klinger and
Naylor 2012). Due to extensive land requirements for freshwater production and the
coastal pressures and environmental degradation of nearshore production, offshore
aquaculture is seen as the future of aquaculture. The unknown nature of ocean terrain
and increase in possible complications has led to the slower development of offshore
aquaculture compared to land-based aquaculture (White et al. 2004). Continued
innovation to adapt nearshore technology to be used in offshore operations is required if
open ocean productions are to continue to grow.
Although open ocean cages allow for a greater dispersal of water and nutrients,
large-scale operations of offshore aquaculture still pose a threat to nutrient influx in the
local ecosystem (Chu et al. 2020). Nearshore systems have dominated the industry
because their proximity to land makes it easy to access for operation oversight,
maintenance, and transporting of feed and harvested fish (Chu et al. 2020). Since there
has been a shift from nearshore to offshore systems, more research has been done to
examine the benefits of an integrated system. Instead of relying on the concept of
dilution, IMTA allows for the extraction and conversion of the influx of nutrients in the
system (Chopin 2013). It is important to select appropriate species whose inputs and
outputs can be balanced in order to preserve the ecosystem while creating a long-term
solution for aquaculture production that can be used for generations.
5

Forms of integrated aquaculture in freshwater systems have been documented in
Asia for many years. The most common integrated system is with rice and fish where
the rice field provides the environment for the fish, and the fish recycle the nutrients
produced (Soto 2009). This small-scale integrated system has proved successful for
centuries, but now researchers want to adapt this concept into large-scale open ocean
IMTA operations. Over the past two decades, there has been an increase in pilot-scale
experiments and large-scale implementations. However, transferring small tank
experiments to open ocean experiments includes the dynamic and complex variables
associated with the open ocean. Tank experiments involve simplified system with
limited interactions. In the open ocean, there are several abiotic and biotic interactions
that cannot be accounted for in simplified tank experiments. Although creating an
integrated system in the ocean is more complex than a simple rice and fish system, the
idea is that the same yield and long-term viability of an integrated system can be
successful. To see whether this could be the sustainable aquaculture method to meet
seafood demand without further damaging the environment, it is critical to examine the
available research.

2.2.

Nitrogen Cycle in the Ocean

The different nutrient cycles in the ocean can shed light on how anthropogenic
influences have affected the ocean environment. It is relevant to understand the
nitrogen cycle as it is well documented that nitrogen is typically the limiting nutrient for
growth in the ocean. Nitrogen gas (N2) is abundant in the atmosphere and readily
absorbs into the surface water (Zehr and Ward 2002) . However, nitrogen cannot be
utilized in this form by most organisms so nitrogen must be “fixed” into usable
forms. Through nitrogen-fixing microalgae, N2 is converted into ammonia (NH3) and
ammonium (NH4+). Then through nitrifying organisms, ammonia is further converted
into nitrite (NO2-) and then nitrate (NO3-). These four forms of nitrogen (NH3, NH4+,
NO2-, NO3) make up the dissolved inorganic nitrogen (DIN) in marine environments. In
nutrient-depleted areas of the ocean, these compounds can have concentrations as low
as 0.03 to 0.1 µmol (Zehr and Ward 2002). In the inorganic forms, nitrogen can be used
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by primary producing phytoplankton and plants which can be consumed by larger
invertebrates and decomposers.
The death and decay of the phytoplankton contribute organic matter into the water
column and regenerates N back into the system in the organic form. Organic matter is
divided into particulate organic matter (POM) and dissolved organic matter (DOM) and
within the nitrogen cycle is referred to as particulate organic nitrogen (PON) and
dissolved organic nitrogen (DON). Though the only difference is size between PON and
DON, the division helps to quantify whether N is assimilated through passive water
transport for DON or vertical transport by gravity for PON (Middelburg et al. 1993).
Organic nitrogen can either be converted back into the inorganic forms through
mineralization or removed from the system by being buried in the sediment. In the
water column and at the surface layer of the sediment, a majority of organic matter is
mineralized. Mineralization is also referred to as ammonification where organically
bound nitrogen from the death and decay of microbial, plant, and animal biomass is
converted back into ammonia (Middelburg et al. 1993). This is a critical step in the
recycling of nutrients as the inorganic nitrogen is made available again to the
photosynthetic organisms.
This is as simple as the nitrogen cycle can be in marine environments and is subject
to dynamic changes at the ecosystem level up to the global scale. The nitrogen cycle in
the ocean has been recycling nutrients through these processes keeping the cycle in
relative balance. However complex, this understanding provides a base knowledge into
how IMTA strives to mimic the natural nitrogen cycle to create a balanced
ecosystem. Introducing finfish aquaculture into the marine environment adds more
organic nitrogen that can disrupt the natural cycle. Nutrient cycling in the ocean is
critical for continued primary production and using species in different trophic levels that
complement each other within an ecosystem, takes advantage of this natural flow of
nutrients. Anthropogenic sources of nitrogen normally disrupt the natural cycle of
nutrients, but IMTA hopes to ameliorate these inputs at a local scale.
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2.3. The Role and Value of Different Species
2.3.1. Seaweeds
Benthic macroalgae, commonly known as seaweeds, occur throughout the world’s
oceans and consist of many different species (Mouritsen 2017). There are about
10,000 species of green, brown, and red algae and their size can range between a few
millimeters to the largest species reaching sizes up to 50 meters (Mouritsen 2017). The
dominant mechanism for growth in seaweeds is photosynthesis which occurs in the
blades of the plant that are attached to the main stem (Mouritsen 2017). Through
photosynthesis, seaweeds convert sunlight with the required nutrients, primarily
phosphorous and nitrogen, into glucose allowing them to grow and providing food and
energy for other species in the ecosystem (Mouritsen 2017) . This process uses up
carbon dioxide and produces oxygen. Seaweeds play a critical role not only in local
marine ecosystem, but in the global ecosystem as all algae is said to produce 90% of
the world’s total oxygen (Mouritsen 2017) .
There is a stark difference between the animal/plant biomass in agriculture versus
aquaculture. Plant production makes up 80% of agriculture while animal biomass
makes up 20%. In aquaculture, the percentages are reversed with plant biomass only
accounting for 20% of production (Barrington 2011). However, in mariculture, ocean
aquaculture, seaweed farming makes up 45.9% of production in 2004 (Neori et al.
2007). This shows the potential for seaweed farming to continue to grow as it already
has grown. From 2012 to 2015 the number of countries worldwide practicing seaweed
aquaculture rose from 33 to 50 (Chung et al. 2017) Seaweeds in natural communities
require being attached to a hard substrate to grow, but in artificial systems they are
attached to buoys or poles in cultivation lines until they have grown to a harvestable
size (Chung et al. 2017).
Production of seaweed has intensified due to its many uses, including their already
shown nutrient reduction properties. Marine photosynthesis makes up half of the total
global productivity, with seaweeds and seagrasses responsible for 1 petagram (10 15) of
carbon per year (Chopin 2013). Often, monocultures of seaweeds are placed in coastal
regions to help offset the carbon emissions that enter the ocean from anthropogenic
sources. Seaweeds have also been shown to be effective at removing nitrogen as it is
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estimated they are removing 150,000 metric tons of nitrogen per year (Neori et al.
2004). This measurement shows a general benefit of seaweed cultivation on a global
scale, but IMTA is designed to localize a seaweeds ability to remove nutrients.
Increasing the amount of seaweed cultures in fish farm operations would also meet
the growing demand of seaweed as a consumer product. Seaweeds are being used as
food as they have a high mineral, vitamin, and dietary fiber content while also boasting
low calorie content (Mouritsen 2017). They are also used in cosmetics, fertilizers, and
can be used in livestock feed to lower methane emissions (Neori et al. 2004). The
cultivation of seaweeds is primarily done with the use of monocultures and are
geographically separate from the monocultures of fed species (Chopin and Robinson
2004). Incorporating seaweeds in proximity to fed species can allow them to perform
their mitigative capabilities while matching the increasing demand for their commercial
purposes.

2.3.2. Suspension Feeders
Suspension feeders obtain their food by filtering the surrounding water and
extracting the nutrients required for growth and reproduction (Newell 2004). These
species are important to the marine ecosystem because they can remove excess
nutrients, sequester carbon, and remove particulate organic matter (POM) (Newell
2004). Through the removal of POM, they can decrease turbidity allowing for increased
light penetration to encourage growth for surrounding photosynthetic organisms (Newell
2004). They also can provide shelter to other organisms due to their hard substrate and
in large stocks and can help control water flow for optimum production (van der Schatte
Olivier, Andrew et al. 2018). In aquaculture, bivalve shellfish, including mussels, clams,
oysters, and scallops are the primary suspension feeding species cultivated.
Bivalves are not solely produced for human consumption, but they can also generate
revenue in many other sectors. Pearls and shells can be sold for jewelry, while the
shells are also used in food for poultry, fertilizer, and even as a part of construction
material (van der Schatte Olivier et al. 2018) . All these provisional services together
have an estimated annual value of $23.9 billion(van der Schatte Olivier et al. 2018) .
These benefits make shellfish a valuable component of IMTA systems for commercial
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value and their potential to enhance the production of finfish (van der Schatte Olivier et
al. 2018) .

2.3.3. Deposit Feeders
Deposit Feeders are organisms that live in the sediment and obtain their nutrients
through the organic matter that has accumulated in the sediment (Lopez and Levinton
1987). Organic matter in the sediment is higher when there are elevated levels of
primary production. Lopez and Levinton (1987) showed that deposit feeders are able to
extract 5 to 15% of the organic carbon in sediment. Because particulate organic matter
is higher on the surface level of the sediment, deposit feeders primarily feed and exploit
the surface sediment for its nutrients (Lopez and Levinton 1987). In aquaculture, sea
cucumbers are used as deposit feeder’s underneath shellfish and finfish cages because
through ingestion and excretion the sediment is destabilized and results in a lateral
transport of the nutrient rich sediment (Slater and Carton 2009). There are 28 species
of sea cucumber in China that are edible or used in pharmaceuticals and in the northern
part of China, the cultivation of sea cucumbers has seen an increase in production as
the high market value continues to increase (Chen 2004). Sea cucumbers commercial
name is beche-de-mere and their high demand, primarily in China, has led to the
overexploitation of wild stocks resulting in a dependence on the production of sea
cucumber through aquaculture (Cubillo et al. 2016). By studying their mitigative
properties in integrated aquaculture, their high demand can be met while producing
other high demand aquatic organisms.
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3. Methodology
The goal of this project is to compare the efficiency of different IMTA systems at
removing nutrients to see what species or combination of species can be best used in
IMTA systems. To understand the concept of an IMTA system, I will create a
conceptual model of how the fundamentals of the system should work. Nutrient
dynamics are complex in the open ocean, but by simplifying the marine nitrogen cycle, a
basic understanding of the theoretical model can be seen. For the past two decades,
researchers have typically studied only one extractive component alongside a fed
species e.g. studying either seaweeds, bivalves, or sea cucumbers alongside primarily
salmon. There have been less studies using more than two trophic levels. By using 3-4
peer reviewed articles for each type of extractive species (seaweeds, suspension
feeder, and deposit feeders) that either use laboratory experiments, models, or openocean experiments, I will identify the different methods and metrics used. In doing so, I
hope to find some commonalty amongst the metrics to extrapolate a clear pattern on
what combination of species complement each other to create a more balanced
ecosystem in order to take advantage of the full bioremediation potential. The different
policies around the world shape the development of aquaculture that can occur. I will
look into the policies in the United States that have affected the development of
aquaculture and examine why the U.S. aquaculture industry is smaller than other
countries. From these results, I will present my recommendations for the continued
research of IMTA systems.
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4. Integrated Multi-Trophic Aquaculture
IMTA proposes an alternative to the traditional method of aquaculture which heavily
cultivates one species. It aims to mitigate the amount of excess nutrients entering the
system from the farmed fish production. In land-based operations, different biological
and chemical treatments can be used to mitigate excess nutrients. Through nitrification,
microalgae can oxidize ammonia into nitrite and nitrate which can then be converted to
nitrogen gas through denitrification and be removed from the system (Troell et al. 2003).
Microalgae go through dramatic bloom and crash cycles making their nitrifying
capabilities hard to control so using microalgae for nutrient removal is only suitable in
small pond operations. Other methods that utilize chemical filters such as carbon filters
and ion-exchange filters can remove nutrients through absorption, but the filters are
quickly biofouled, or clogged, and not suitable for larger scale implementation (Troell et
al. 2003). Making improvements to the feed used for fish production is also a way to
reduce nutrient loads. The Feed Conversion Ratio (FCR) is the efficiency at which the
farmed fish utilize the feed given and convert it to the desired output, in this case fish
biomass (Wang et al. 2012). In the Norwegian salmon industry from 1974 to 2003 the
FCR improved from 2.08 to as low as 1.1 meaning that to produce 1kg of salmon, 1.1
kg of feed is needed.
Most of these advances depend on technological innovations, however, IMTA relies
on the understanding of ecosystems. In IMTA, fed species (e.g. finfish or shrimp) are
farmed in proximity to extractive species to remove inorganic nutrients (e.g. seaweeds)
and organic nutrients (e.g. suspension and deposit feeders) (Chopin 2013). A species
trophic level is determined by its location in the food web and feeding behaviors (Pavluk
and bij de Vaate 2008). Primary producers, such as algae, have a trophic level of 1 and
the consumers of level 1 are level 2. The trophic level increases up the food chain.
Within different trophic levels, each species requires different inputs and outputs.
Farming species on the different trophic levels allows for the output of one species
becomes the input of another. Choosing the correct species that complement each
other within the system is necessary in order for the system to mimic a natural
ecosystem where the inputs and outputs can be balanced. Even though seaweeds,
deposit feeders, suspension feeders, and finfish are all cultivated around the globe, they
12

are primarily done in geographically different locations. In Japan, there are different
bays for the different type of monocultures including shellfish, seaweed, or finfish. As
more research has come out on the benefits of IMTA, more studies have begun using
different combinations of species co-cultivated in the same location (Barrington et al.
2010).
Observing bioremediation potential of different extractive species can be done with
lab experiments, land-based trials, and open-water pilot operations. In the last decade,
there have been an increase in pilot scale experiments in Canada, Scotland, and
Australia that can be studied in order to move towards industrial scale operations (Wang
et al. 2012). Experimental trials are expensive, so incorporating the use of models is
also an effective way to predict the benefit of different species. In the following sections
I will first examine the hypothetical flow of nutrients in an IMTA system that creates a
balanced ecosystem. I will then investigate the different methods of experimentation for
different components of an IMTA system and how to quantify their success in an IMTA
operation.

4.1. Nutrient Dynamics within IMTA
Algae require many elements for survival, but most importantly rely on carbon,
nitrogen, and phosphorous for photosynthesis and growth (Roleda and Hurd 2019). In
order for these nutrients to be properly utilized, they need to be in the right proportions.
Throughout the world’s oceans a constant ratio of carbon, nitrogen, and phosphorous
(C:N:P) was found to be 106:16:1 called the Redfield ratio, but each macroalgae
species can have their own ideal ratio (Hadley et al. 2015). Commonly, only the ratio
between nitrogen and phosphorous is examined as carbon tends to be in abundance
and therefore is not a limiting nutrient. The nutrient output of a salmon farm was shown
to have N:P ratios ranging from 5:1 to 12:1, well below the Redfield ratio so it is
assumed that nitrogen is the limiting nutrient (Wang et al. 2012). DIC is also an
important element for seaweed growth but is more observed in the context of
photosynthesis. DIC can be in the form of CO2 and HCO3- and HCO3- has high
concentrations in marine waters so it is also not generally considered a limiting nutrient
and phosphorous tend to only be a limiting nutrient in freshwater systems (Roleda and
13

Hurd 2019). Because of this, most studies researching seaweeds will focus on DIN
levels in order to analyze a species ability for nutrient uptakes.
Ammonium (NH4+) concentrations in natural systems are typically low with higher
levels of nitrate, but the effluent from a fish farm is primarily dissolved ammonia (Pan
and Wang 2004). Ammonia (NH3) is released from organic matter and fish feces, but it
is assumed that 97% of ammonia released is immediately converted to ammonium in
the water (Hadley et al. 2015). This is because the distribution of ammonia versus
ammonium is pH dependent and at the typical pH of seawater of approximately 8,
ammonium is the dominant form (Isnansetyo et al. 2014). Often ammonium is reported
as Total Ammonia Nitrogen (TAN) and is the sum of NH 3 and NH4+. Or both forms
together are reported as ammonia. Ammonia can either be directly absorbed by the
macroalgae for tissue storage or through the process of nitrification within the tissue be
converted into nitrite and nitrate. Different seaweeds show their different preferences
for ammonium or nitrate depending on the surge uptake, or rapid uptake of nutrients
(Roleda and Hurd 2019). For example, H. musciformis and M. pyrifera showed a
preference for ammonium when both ammonium and nitrate were available with a
higher surge uptake of ammonium (Roleda and Hurd 2019). However, four different
species (B. arbuscula, A. lyallii, S. australis, and X. gladiata) showed a simultaneous
uptake rate when ammonium, nitrate, and urea were present (Roleda and Hurd 2019).
Knowing the specific nutrients being loaded into the system by the fish farm and nutrient
preferences of the different extractive species is critical in designing the most effective
IMTA operation.
The community of macroinvertebrates living on the ocean floor is called the
macrobenthos. There is a diverse community of species, but the dominant organisms
are suspension feeders and deposit feeders (Wilson et al. 1993). Both suspension and
deposit feeders are filter feeders and filter out their required nutrients, including
nitrogen, from particulate organic matter (POM) (Roberts et al. 2000). Suspension
feeders filter their food from suspended particulate matter while deposit feeders filter
their food through the sediment. Suspension feeders encompass many different
species such as sea stars, cnidarians (i.e. jellies), and even baleen whales. In
aquaculture, the most prominent is the bivalve mollusks that include mussels, clams,
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scallops, and oysters. Bivalves can be found in high densities around the entire ocean
and on every substrate from coastal ecosystems to the deep ocean. This paper will
focus on the role that bivalve mollusks can play in the nutrient dynamics in IMTA
systems.
Using mucus nets that trap suspended particles, bivalves remove seston from the
water column. Seston is qualified as a suspended particulate matter that includes
organic and non-organic material such as phytoplankton, zooplankton, organic
particulates, and inorganic particulates (Wilson et al. 1993). It was previously thought
that bivalve’s primary food was phytoplankton, but studies have shown that they can
also extract their food from bacteria, detritus, and zooplankton (Arapov et al.
2010). Suspension feeders ingest the particles from the particles and extract and digest
the organic components for nutrient assimilation. Psuedofeces are then egested from
the organisms containing rejected particles and bivalve feces (Konrad 2014). Different
species have different preferences for the size and chemical composition of ingested
particles. Research on the mussel M. edulis showed that they can ingest zooplankton
up to 3 mm long, but stomach content showed low amounts of the zooplankton (Wilson
et al. 1993). This shows the capacity for mussels to absorb particles up to 3 mm and
that size of particulate is a factor in food selection by the bivalves.
By removing suspended particulates from the water column, bivalves can
improve water quality which can enhance light availability and photosynthetic production
in micro and macroalgae (Konrad 2014). Poor water quality can lead to loss in profit
and production of the primary crop (finfish). Higher photosynthetic rates could lead to
greater growth of seaweeds. Their ability to improve water quality is dependent on their
clearance rate. The clearance rate is the rate that seston is removed from a volume of
water per unit of time and can vary greatly among bivalves (Konrad 2014). Suspension
feeders’ removal of particulates also contributes to the benthic community. The
suspended particles removed from the water column have low settleability, but through
the release of feces and psuedofeces the bivalves convert the particles to larger pellets
than can settle quickly to the benthos. The contribution of organic material from the
bivalves to the sediment is called biodeposits (Arapov et al. 2010). The biodeposition of
organic nutrients can then be utilized by the deposit feeders for further nutrient cycling.
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This transformation of organic matter into bivalves psuedofeces and feces can settle to
the sediment at a rate of 1 cm/s (Cranford et al. 2013). Bivalves can play an important
role in integrated aquaculture. They can either remove and assimilate organic content
directly from fish farms, enhance macroalgae production by improving water quality and
contributing DIN to the system, or by enhancing the sedimentation of organic content to
be utilized by the deposit feeders. This paper will look into the different research
methods that organic matter is captured and assimilated by mussels in IMTA scenarios.
Deposit feeders live on the ocean floor and filter their food through the sediment.
As they move along the ocean floor, they collect particles including live organisms,
decaying material i.e. feces and psuedofeces, and a mix of minerals (Zamora and Jeffs
2011). Deposit feeding sea cucumbers can only digest the organic component
extracted from the sediment. In natural systems, the total organic matter (TOM) in
sediments is low so sea cucumbers have been adapted to have improved mechanisms
of nutrient extraction. They have adapted to seek out sediment with higher nutrient
content or to specifically ingest particles with a higher nutrient content. Studies have
shown that some species can select their food based on the organic content by
ingesting only particles with higher nutrient content or they can seek out sediment beds
with higher nutritive value (Zamora and Jeffs 2011). The sea cucumber, A. molis, is
typically found on sediments with 5.5 to 7% organic content but have shown they can
digest and assimilate sediments with TOM content of 25% found under green lipped
mussel farms (Slater and Carton 2009). The preference for high organic content makes
sea cucumbers an idyllic species to incorporate into fish farms as an extractive species.
To quantify a deposit feeders’ ability to remove nutrients from the system, TOM and
organic content (OC) can be measured. As they ingest and assimilate the nutrients
they need for growth and survival, reductions in TOM and OC are expected.
Through their feeding process deposit feeders also transport and mix sediment in
a process called bioturbation. As bioturbators, sea cucumbers can destabilize the
sediment and facilitate the lateral transport of surface sediment, especially sediments
enriched with nutrients (Slater and Carton 2009). Their feeding behavior can also
stimulate bacterial activity which aids in further organic matter degeneration. Sea
cucumbers also contribute to sediment OM through feces and redistributed dissolved

16

inorganic nutrients to be used by macroalgae or microbes (Mactavish et al. 2012). As
with suspension feeding bivalves, the ability for deposit feeders to assimilate the
nutrients introduced from finfish or shellfish cultivation is analyzed to identify appropriate
species and methods for using deposit feeders in aquaculture. The nutrient cycle within
marine ecosystems are complex and recreating these natural ecosystems within IMTA
requires advanced knowledge of species physiology and feeding mechanisms.
IMTA takes a different approach to nutrient mitigation. Instead of relying on the
dilution or minimization of nutrients, it relies on the extraction and conversion of
nutrients (Chopin et al., 2012). The nutrients that are introduced into the system
through the farming operations are critical in understanding in order to fully
conceptualize the role that different extractive species could have in IMTA. Finfish can
contribute excess nutrients in the dissolved form to the water column, and in the
particulate form to the benthic sediment and surrounding water column (Qi et al. 2019).
Wang et al. (2012) analyzed the nutrients excreted from a salmon farm in Norway to
better understand the different nutrient loadings. Respiration contributed C in the form
of CO2, while N is primarily excreted as DIN in the form of ammonia (NH 3+) over the gill
and dissolved inorganic phosphorous (DIP) as phosphate (PO43-) in urine. Uneaten fish
pellets and fish feces release particulate C, N, and P (POC, PON, and POP). And
sediment resuspension contributes dissolved organic C, N, and P (DOC, DON, and
DOP) (Wang et al. 2012). A conceptual diagram of the nutrient loadings of a fish farm is
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shown in Figure 2.

7

Figure 2: Conceptual Diagram of Nutrient Dynamics in an IMTA farm. Excretion from the
fish release DIN. Fish feces and uneaten feed contribute POM. Sediment
resuspension contributes DOM. Deposit Feeders resuspended DOM.
The different forms of nutrients introduced to the system can be utilized by
different species. As the primary producers in the system, seaweeds utilize the DIN
from the fish, the larger POM will have higher settling rates and are available to deposit
feeders, and the smaller particulates can stay suspended in the water and be used by
suspension feeders (Reid 2007) The suspension and deposit feeders mineralize the
organic nutrients back into the water column as DIN to continue to be used by the
seaweeds. In theory, this cycle can continue sustainably and help mitigate the amount
of nitrogen being added to the system by the farming of fed fish. Through the
harvesting of the different species, nitrogen assimilated in the organisms can be fully
removed from the system. In order to achieve this balance, it is important to select the
correct species that complement each other as in the conceptual diagram and are
suitable for the specific geographic location. Because the different trophic levels
consume different food sources, each component is researched in different ways.
Seaweeds are studied for their ability to absorb DIN while suspension and deposit
feeders are researched for their abilities to ingest and assimilate POM.
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4.2. Methods of Testing Seaweeds in IMTA
The use of seaweeds as an extractive species is the most studied form of IMTA
and has been utilized all around the globe. The ammonium released from fish, shrimp,
and bivalves have been shown to be suitable nutrients for seaweed growth and the
preferred source of nitrogen for seaweeds (Troell et al. 2003). Important terms to
identify when it comes to identifying the bioremediation potential of seaweeds are
nutrient reduction efficiency and nutrient uptake rate. Nutrient reduction efficiency is the
percentage of average reduction in nutrient concentration in the water and nutrient
uptake rate is the concentration of nutrients removed per unit of algal biomass (Troell et
al. 2009).
To test whether or not a seaweed has high bioremediation properties, there are
levels of experiments that can be taken before implementation in a large-scale
system. Seaweeds have already shown their potential for assimilating DIN from fish
effluent, but experiments between types of species are needed for different geographic
locations. A species that is effective in one location, may not be effective in another.
Small scale laboratory experiments are an initial step that can be taken to observe a
specific species ability to remove nutrients. To test a seaweeds nutrient uptake rate
and nutrient removal efficiency, Scriptsova and Miroshnikova (2011) transported two
endemic seaweed species to a laboratory for tank experiments. One species of
seaweed was from a bay and a different species from a brackish water lagoon in Far
East Russia. U. pinnatifida was sampled from the seawater and G. vermiculophylla was
sampled from the lagoon. After transport, each species was placed in a tank where it
would be fed the wastewater from a tank with three species of mussels. The mussels
were cultivated for 3 days until the effluent could reach significant concentrations of
nutrients. The mean maximal concentration reached was 57-64 µmol / L for
ammonium, 7.4 µmol / L for nitrates, and 4.1-5.9 µmol/L for phosphates. The
concentration of nitrites did not reach above 1 µmol / L, so it was not significant for
studying. After pieces of each algal species were placed in different 2-liter tanks, each
with a control tank, algal tanks were supplied with a continuous flow of pure seawater
for 24 hours. After continuous flow, water samples were taken, and after 6 hours of
receiving no flow, another sample was taken for a static measurement. The static
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measurement would show a base measurement to show nutrient reduction abilities in
waters not subject to excess nutrients. After remaining static for 6 hours, the tanks
were fed with mussel wastewater with a continuous flow for 8 days with daily water
samples taken at the inflow and outflow. Comparing uptake rates in static water and
continuous flow water with mussel wastewater can illuminate a species ability absorb
nutrients in nutrient rich areas. Nutrient uptake rate in the static system was calculated
by the following equation:
𝑀𝑠𝑡𝑎𝑡𝑖𝑐 = [(𝐶0 − 𝐶𝑡 ) × 𝑉]/(𝐵 × △ 𝑡)

(1)

Mstatic: Nutrient uptake rate in the static system µmol of nutrient g / dry weight * hour
C0: Initial concentration µmol / L
Ct: Concentration after time t
V: Volume of water L
B: Algal biomass (g dry weight)
T: time interval (hour)

The continuous flow system has additional parameters because samples were taken at
the inflow and the outflow. These parameters were incorporated with the following
equation for the nutrient uptake rate in the continuous flow system:
𝑀𝑓𝑙𝑜𝑤 = {[𝐶𝑜𝑢𝑡𝑡 × 𝑉 + 𝑄 × ∆𝑡𝐶𝑖𝑛 − 𝑄 × (𝐶𝑜𝑢𝑡𝑡 + 𝐶𝑜𝑢𝑡𝑡+1 )]}/(𝑉 × ∆𝑡

(2)

− 𝐶𝑜𝑢𝑡𝑡+1 × 𝑉)/ (𝑚 ×△ 𝑡)
Mflow: nutrient uptake rate of the flow-through system µmol of nutrient g / dry weight * d
Coutt , Coutt+1: nutrient concentrations (µmol L-1) at the outflow at the time interval (t,
t+1).
V: volume of the container (L)
Cin: nutrient concentration at the inflow (µmol / L)
Q: water exchange rate (L / day)
M: algal weight (g dry weight)
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Δt: time interval (day)

Equations (1) and (2) set up mass balance equations in order to see how the
concentration of nutrients entering the system versus the amount of the nutrients
leaving the system. The static nutrient uptake rates were calculated per hour as the
system was only static for 6 hours, while the flow system was calculated per day over
the 8 days of water sampling. For comparison, the flow uptake rates were divided by 24
to give an hourly rate. The last important metric is nutrient removal efficiency. Uptake
rates are a metric dependent on the algal biomass, while the removal efficiency is a
metric indicative of the entire system. It requires the initial nutrient concentration and
the final nutrient concentration and is converted into a percent with the following
equation:
𝑁𝑅𝐸 = 100 − (100 × 𝐶𝑡 /𝐶0 )

(3)

Nutrient removal efficiencies for both species showed to be significant after 6 hours
in the static system and the continuous flow system. Ammonium decreased by more
than three times in the static system. In the continuous flow system, U. pinnatifida and
G. vermiculophylla had nutrient removal efficiencies of 71.6 and 90.5% respectively. U.
pinnatifida showed the highest uptake rate of both species with 13.1 ± 0.4 and 29.1 ±
2.1 µmol of ammonium g dry wt-1 day-1 in the static and continuous flow system
respectively.

C inflow
C outflow
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Figure 3: Nutrient Removal Efficiencies of the two seaweed species in a
continuous flow system (Scriptsova and Miroshnikova 2011)
Static system
Flow-through system

Figure 4: Nutrient Uptake Rates of the two seaweed species in both the static
and continuous flow system (Scriptsova and Miroshnikova 2011).

Nutrient uptake rates are dependent on the physical, chemical, and biological
factors of the particular seaweed. The amount of water movement affects these
processes and Scriptsova and Miroshnikova (2011) found that uptake rates were 2-3
times higher when the seaweed was cultivated in continuous flow systems. Water flow
increases the nutrient flux to the seaweed allowing for higher uptake rates. However,
higher water flow is also correlated to lower nutrient removal efficiency if the water's
resident time in the system is too short for adequate nutrient removal. These species
did not have a significant decrease in removal efficiency with water flow compared to
the static system so higher flow rates should be tested. While their experiment
suggests that the two species could be successfully integrated with animal wastewater,
knowing the characteristics of the seaweeds is critical. G. vermiculophylla typically
grows between spring and autumn in warmer waters and U. pinnatifda grows in colder
waters during the early summer. This gives the option of longer biofiltering capabilities
if the cultivation of both species is staggered. This small-scale experiment in Russia
uses a mass balance of nutrient species in a simplified aquaculture system. Mass
balance equations do not quantify the amount of nutrients assimilated in the plants
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tissue. This limits the ability to understand the specific species' capabilities and
mechanisms involved in removing nutrients.
In another study in Brazil, Copertino et al. (2009) studied the seaweed species
Ulva clathrata in a small-scale outdoor tank experiment using shrimp farm
effluent. Most of the studies involving seaweed integration in aquaculture has taken
place in temperate regions where fish is farmed. Brazil’s tropical-temperate waters
have shown an increase in shrimp production since the 1950s and provide an insight
into the wide range of seaweeds capabilities of removing nutrients. U. clathrata is an
optimum species to study as it has been shown to have a high affinity for ammonium
nitrogen which is the primary component of shrimp farm effluent. Samples of U.
clathrata were transferred to an outdoor tank system where the tanks received water
from a shrimp pond. Similar to Scriptsova and Miroshnikova’s (2009) experiment, the
seaweeds were observed under both the continuous flow of wastewater and static (no
flow) system. Both water samples and seaweed tissue samples were taken daily for
nutrient analysis. Analyzing tissue samples allows the researchers to calculate how
much of the DIN is assimilated into the seaweed for growth.
Instead of using molar concentrations, Copertino et al. (2009) weighed the
nutrients in mg and calculated the uptake rate with the following equations:
𝐼𝑛𝑝𝑢𝑡 (𝑚𝑔/𝑡𝑎𝑛𝑘) = (𝐶𝑜𝑢𝑡𝑖 𝑉) + 𝑄∆𝑡𝐶𝑖𝑛(𝑖,𝑖+1)

𝑈𝑝𝑡𝑎𝑘𝑒 (𝑚𝑔/𝑔 𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 ∗ 𝑑𝑎𝑦) = (𝐼𝑛𝑝𝑢𝑡 × (𝑄∆𝑡𝐶𝑜𝑢𝑡(𝑖,𝑖+1) − 𝐶𝑜𝑢𝑡𝑖+1 𝑉))/𝐵∆𝑡

(4)

(5)

Where
Cin: mean inflow of nutrient concentration (mg/L)
Cout: mean outflow of nutrient concentration (mg/L)
i: initial time
i+1: final time
i, i+1: time interval
V: volume (L)
Q: flow of effluent (L/day)
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Δt: time interval (day)
B: algal biomass (g dry weight)

Equation (4) establishes the amount of nutrients entering the system, and Equation (5)
establishes a mass balance the quantity of nutrients removed by the seaweed. The
parameters are the same as Scriptsova and Miroshnikova (2011) with algal biomass in
g dry weight as the parameter B. Because the experiment is not in a closed system, the
input concentration needs to be added to the equation to incorporate the different
experimental setting. This is also shown in the formula used for Biofiltering Efficiency
(BE%) which is as follows:
𝐵𝐸(%) = 𝐼𝑛𝑝𝑢𝑡 − (𝑄∆𝑡𝐶𝑜𝑢𝑡𝑖,𝑖+1 𝐶𝑜𝑢𝑡𝑖+1 )/ 𝐼𝑛𝑝𝑢𝑡 𝑥100

(6)

This metric is similar to the nutrient removal efficiency metric as defined in the previous
study. Equation (6) is similar to Equation (3) as they both represent the percent
removal of nutrients, however Equation (3) measures the percent removal in terms of
mass and equation (6) measure the percent removal in terms of concentration.
Copertino et al. (2009) presented their uptake results in mg DIN / g dry weight * day
while Sriptsova and Miroshnikova (2011) presented their results in µmol DIN / g dry
weight * day.
In the outdoor tanks in a Brazilian shrimp farm, Copertino et al. (2009) found that
90.6% of the total nitrogen in the system was made up of TAN with nitrate and nitrite
comprising 8% and 1.4% respectively. The high percentage of TAN further shows the
ideal growing requirements for seaweeds, particularly seaweeds that have an affinity for
ammonium like U. clathrata used in this experiment. Using a metric similar to Nutrient
Removal Efficiency, the Biofiltering Efficiency for TAN was 82-85% and 64-78% for total
DIN. This lower number for DIN removal is reflective of nitrate and nitrite regeneration
that can be converted by nitrifying bacteria. The nutrient uptake rate of U. clathrata for
the first day of treatment was 18.7 µmol DIN g dry weight-1 h-1 and after 10 days the
average uptake rate was 1.76 mg DIN g dry weight-1day-1. Copertino et al. (2009) also
showed that continuous flow stimulates high uptake rates. In the static system, the
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uptake rates were 1.5-4 times lower for DIN. As in the laboratory experiment, the
location of the outdoor tanks did not allow for testing of higher flow rates. Another
limitation for extrapolating the results to open ocean systems is the difference in salinity.
The shrimp was closer to the coast so had a lower salinity than operations offshore
would have. The stocking density of the seaweeds was low, and nutrients were
reported as relatively low compared to high nutrient loads seen in salmon farms. These
conditions led to high biofiltering efficiencies, so the researchers suggest that full-scale
implementation can maintain the high biofiltering efficiency if stocking density is
increased to match the increased nutrient load expected.
Copertino et al. (2009) also examined tissue content to further understand the
seaweeds uptake rate. The high uptake rates on the first day correlated to the ability for
the seaweed to store nitrogen in the tissue. The tissue content at the beginning was
1.2-1.3% and within the first couple of days the tissue content increased to 2.1% in the
continuous flow system. The researchers calculated that more than 60% of the total
DIN removed was due to seaweed assimilation (Copertino et al. 2009). This illustrates
the capacity for nitrogen to be removed from the system completely once the seaweed
is harvested. A seaweeds ability to store and assimilate nitrogen is limited due to their
specific physiological characteristics. After the tissue content is at full storage capacity,
the seaweed cannot absorb anymore DIN. This was shown by a dip in uptake rates
after 6 days. U. clathrata has a short life cycle and reaches full capacity in a short
amount of time, so for its bioremediation to be effective, frequent harvesting would be
needed. To fully remove nitrogen from the system, the seaweed would need to be
harvested.
To better understand the processes in aquaculture systems, more complex
interactions between species need to be studied. Such interactions cannot be
elucidated by simplified input-output models like those described above. Nutrient
removal depends on non-linear interactions involving multiple factors so results from
small-scale experiments do not extrapolate to large scale operations (Hadley et al.
2015). Modeling can help explain the complex interactions occurring between species
to optimize selection and density and can also help predict optimal harvesting
techniques. In the waters of Tasmania, Hadley et al. (2015) studied three local species
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of macroalgae: U. lactuca, P. Umbilicalis, and M. pyrifera. By applying a macroalgae
growth model with the three different seaweed species the researchers were able to
evaluate the different specie’s bioremediation potential within different IMTA
scenarios. The model simulated nitrogen loading from a salmon farm onto a seaweed
farm and was set to match the conditions of the waters of southeast Tasmania. DIN
was modelled in nitrate and ammonium (mg N / m3) using the background reference
concentration at the inflow and the outflow concentration from the salmon farm outflow.
Comparing the two forms of nitrogen allows the researchers to distinguish between
naturally occurring nitrate and the ammonium output of the salmon farm. First DIN is
taken into the cells of the seaweed in intracellular pools where it can be stored. It is
then converted to fixed nitrogen where it can be used to increase the biomass of the
seaweed. The model incorporated the DIN losses to the system from removing the
macroalgae for harvesting and the DIN lost through nitrification and remineralization. A
constant height of 0.2 m is used for the smaller seaweed species, U. lactuca and P.
umbilicalis. Because the giant kelp, M. pyrifera, has higher growth rates it is given a
variable height depending on the mass per square meter to understand how seaweed
utilizes light and nutrient capture over a larger range of heights. Other species-specific
values are incorporated into the simulations for each species. These types of
interactions are not accounted for in the simple mass balance equations from the tank
experiments emphasizing the importance of modelling.
Different ammonium loadings and different harvesting techniques were also
included in the model. The reference input of ammonium from the farm, Nfarm, was
established as 100 mg N / m3day. The values of Nfarm= 50 to 5,000 mg N / m3day were
used to test the effect of varying ammonium loads. Different harvesting strategies were
also run. Typical farming techniques suggest harvesting to increase growth rates. First
an establishment period is determined which is how long the plant is able to grow before
harvesting. Then 25% is harvested and the model is re-run with the new conditions.
Harvesting frequency is how frequently the crops are harvested. The model was also
run with 50% harvesting. To ensure that the model can produce reputable results, they
compared their macroalgae growth rate models to the results of empirical studies in
IMTA for each of the species. Using the parameters from other studies in their own
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model and comparing growth rates predicted to growth rates observed they can validate
their model. Once their model was validated, they ran the model for a typical growing
season of 365 days. By using models, Hadley et al. (2015) were able to simulate low to
high farm loading and observe the bioremediation effects of three different species.
After manipulating different farm loadings, they compared the total N removed
with total N accumulated. Their results showed that M. pyrifera has the ability to
remove up to 75% of total DIN, while the smaller seaweed species, U. lactuca and P.
umbilicalis, were only able to remove 5% of DIN each. Figure 5 shows that the input
from the salmon farm begins to accumulate N and then in February M. pyrifera begins
to significantly remove N. After April, the accumulated N begins to reduce and
eventually reaches a steady state. At this point, the macroalgae are removing N at the
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same rate that N is accumulating. By comparison, the smaller seaweed species do not
remove N significantly enough to see a reduction in the accumulated N.

Figure 5: Total N removed by three seaweed species compared to the amount of N accumulated from the salmon farm input
(Hadley et al. 2015).

Under different harvesting regime simulations, the researchers found that all
species benefited from at least 60 days of an establishment phase. An establishment
phase of 30 days showed a decrease in bioremediation capabilities and 90 days
correlated to the highest bioremediation capabilities coupled with by frequent
harvesting. The harvesting would need to be at an appropriate time when the crop has
reached a sellable size and the harvesting would allow for continual growth. By
removing crops that have assimilated as many nutrients as possible encourages the
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continued growth of remaining crops and allows for the greatest nutrient removal
efficiency.
A limitation of the model is that it does not account for phytoplankton
production. Phytoplankton uptakes N and can limit the growth of the macroalgae and
limit the nutrient removal efficiencies. The simulation began in September and the high
bioremediation capabilities of M. pyrifera were not significant until March. The long lag
time between the N input from the farm and the N removal by the seaweed could allow
for phytoplankton to remove DIN before M. pyrifera. With less availability to DIN, the
seaweed may not accumulate as much biomass and therefore decrease its
bioremediation capability. The steady state seen in Figure 5 shows that hypothetically
there could be an equilibrium reached where the growth of the algae grows at the same
rate of the continuous N source. In the model simulations, this steady state was
reached after 10 years but doesn’t take into account the many different environmental
variables such as seasonal fluctuations and losses. Models can help simulate the
system trying to be represented, but the more complex the variables are, the more data
is needed involving higher costs and higher uncertainty.
Open-ocean experiments are the last method used for testing seaweed species,
which should be done after previous small-scale experiments or models have been run
to test a species hypothetical successful implementation in IMTA systems. In the
tropical waters of the Philippines, Largo et al. (2016) set up an open water experiment
with three different stations. Donkey’s ear abalone, H. asinine, was the fed species
providing the organic waste in this IMTA scenario. The abalone was established as the
“Abalone Station” and fed seaweed for growth. A floating platform 2 m below the sea
surface held trays of 1000 abalones each that were fed 200 g of seaweed every 2-3
days. Three types of mixed seaweeds were grown at the “Seaweed Station” as the
extractive species including the green seaweed C. lentilifera and red seaweeds G.
heteroclada and E. denticulatum. The “Seaweed Station” was 2m from the “Abalone
Station” positioned so the excreted wastes from the abalone would flow to the
“Seaweed Station”. Ammonium, nitrite, nitrate, and phosphorous were recorded from
water samples at each station and reported in mg of nutrient / L. By comparing the
concentrations of nutrients before and after the experiment allows the researchers to
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present a nutrient removal efficiency as seen in the first laboratory experiment by
Scriptsova and Miroshnikova (2011).
The final experiment which took place in the open ocean involved the most
complicated environment producing the least clear results. Largo et al. (2016) reported
that nitrite and phosphate showed no significant differences in concentrations between
the station with the abalone and the station with the seaweed. Only when nitrate and
ammonia content concentrations were averaged over the entire study period were there
indicated lower concentrations. The Seaweed Station had 0.1403 mg Nitrate/L
compared to 0.1585 mg Nitrate/L at the Abalone Station. Ammonia concentration was
also averaged over the sampling months showing the Abalone Station having the
highest concentration of 0.0570 mg/L with the Seaweed Station slightly less at 0.0544
mg/L. The higher ammonia concentrations at the Abalone Station suggests that the
abalone was the source of ammonia, but the differences were not statistically significant
shown in Figure 6.

Figure 6: Nutrient concentrations (mg/L) among the different experimental stations (Largo et al. 2016).

This study shows the constraint on open ocean experiments. The seaweed species
used, Gracilaria heteroclada, was chosen because several experiments in tanks had
previously been done using species within the Gracilaria genus (Largo et al.
2016). Although the experiment still suggests the benefit of using this seaweed to
mitigate nitrogenous waste from the abalone, the bioremediation capability appears to
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be minimal. Other measurements did not show significant reductions at either station.
The lack of significant nutrient reduction can be attributed to the size of the operation
and that it was a short-term study, therefore not allowing for the accumulation of
nitrogenous waste from the abalone. Finfish waste more typically associated with IMTA
may also provide higher waste, which could allow for clearer results to be seen if this
seaweed experiment was done near a finfish pen. However insignificant the results, the
potential for seaweeds to remediate nitrogenous waste can be seen and the abalone
reached sellable size in 12 months so could still be a profitable production. The
complex variables in open-ocean experimentation inhibits further measurements as too
many variables can impact the environmental conditions.
These four methods of studying a seaweeds capability to remove nutrients follow an
important progression. Small scale tank experiments in a laboratory or in the field can
provide a base understanding of whether or not a species has the potential to effectively
remove nutrients. They show the optimum potential for a seaweeds nutrient reduction
capability as the system is small with limited variables affecting it. Models are the next
stage and allow for varying interactions to be accounted for and can manipulate
parameters to test for different scenarios. Models still cannot fully represent the
dynamic abiotic and biotic interactions occurring in the open ocean so open ocean
experiments are the last step before pilot implementations of IMTA. Because open
ocean experiments are costly, the proper studies are needed beforehand.

4.3. Methods of Testing Suspension Feeders in IMTA
Mussel feeding habits have been extensively studied and shown to remove and
recycle suspended particulate matter from the water column, making them ideal
candidates for an extractive organism (Newell 2004) . Because of this, coupled with
their wide geographic distribution and ability to be cultivated in dense biomasses,
mussels are the prominent organic extractive organisms used in IMTA systems
(Cranford et al. 2013) Mussels obtain their nutrients that are organically bound to
particulate matter and filter out their required nutrients. Nitrogen is still the primary
limited nutrient, but because the nitrogen is bound to POM, levels of total organic matter
(TOM) are used to quantify a mussel’s ability to remove nutrients from a system.
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Clearance rates vary with different species of bivalves and are dependent on seston
composition and concentration, organism size and physical properties of the
water. Due to this, clearance rates discovered in laboratory experiments are not
scalable to large estuaries or the open ocean. Their ability to filter water has been well
documented but less is known about how much organic content bivalves absorb from
the water column. The absorption efficiency can help quantify a bivalve’s
bioremediation ability. The absorption efficiency measures the amount of organic
content the bivalves directly assimilate from the salmon farm and how much contributes
to the organic loading to the sediment.
To quantify the absorption efficiency (AE) of the blue mussels, Mytilus edulis and
M. trossulus, Reid et al. (2010) conducted both laboratory and field experiments. For
the laboratory experiments, mussels were removed from the inter-tidal zones of the Bay
of Fundy, Canada and transferred to separate flow-through feeding chambers. Four
different diets were tested; algal, diatom, salmon feces, and salmon feed. After feeding
periods, fecal samples were collected for analysis. Psuedofeces, or particles not
digested by the mussels, were not collected. For their field trials, Reid et al. (2010)
collected mussels and deployed them in feeding chambers at the Charlie Cove Atlantic
salmon culture site. Total particulate matter (TPM), total organic content (TOC), and
organic content (OC) were collected at the outflow of the chamber and fecal biodeposits
were collected throughout the trial.
Absorption efficiency is a measure of how much OC ingested is absorbed by the
species digestive system and can differentiate between how much organic matter the
species removes and how much it contributes to benthic loading of OC. It is a
measurement dependent on the OC of the feces and the feed. For both laboratory and
field experiments the following equation was used to calculate AE:

𝐴𝐸(%) =

𝐹−𝐸
× 100
(1 − 𝐸)𝐹

(7)
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Where F is the OC of the feed distributed and E is the OC of the mussel feces. For the
field trials, the mean OC of TPM and of fecal samples were used for different trial
periods.
The laboratory experiments measured different OC of the 4 different diets (algae,
diatom, salmon feces, salmon feed) while the field experiment measured the TPM
adjacent to the salmon cage. The OC in the feed could then be compared to the OC in
the fecal deposits for the calculation of AE. The highest OC was found in the salmon
feed at 93% followed by the salmon feces and algal diet at 77% (Reid et al. 2010). The
corresponding AE’s for the algal, diatom, salmon feed, and salmon feces were
calculated as 87, 81, 90, and 86 shown in Figure 7.

Figure 7: AE of mussels fed spat, diatom, salmon feed, and salmon feces in a laboratory and AE of mussels alongside salmon
cages (Reid et al. 2010)

In the laboratory experiments AE increased with increasing OC of the diet showing
assimilation is dependent on nutritional quality. These results follow similar studies
where the AE increases with OC until a plateau of around 80-90% AE is reached.
These results imply that blue mussels have the capacity to absorb a high fraction of
organic content from salmon feces and feed if cultivated near a salmon farm.
In the field trial, the total particulate matter (TPM) at the salmon culture site had
the lowest OC content of 36%. The corresponding AE for the field site was 54%. This
is the opposite relationship from the laboratory experiment and the opposite of the
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expected outcome. Higher OC content was expected to be seen with increasing TPM,
but a non-linear relationship was shown as increasing TPM actually showed a decrease
in OC. Their results suggest significant fluxes of inorganic nutrients where the samples
were taken. Significant fluxes of particles of inorganic content, such as silt, can account
for this lower than expected values of OC. In previous studies in the Bay of Fundy, OC
near salmon farms had an average of 59% compared to this study at 38%.
Overall the laboratory experiments did show a continued increase in AE with
increasing OC. In small tank experiments mussels can reach their maximum potential
to absorb particulate matter due to the simplified system. The variability of the ocean
limits a mussel’s ability to assimilate the higher organic material. Influx of inorganic
material to the ocean and tidal flows affect how much time the particulate matter is in
contact with the mussels. Their ability to absorb particles is dependent on their
exposure to the particles so to ensure as much contact time, mussel lines should be
placed in close proximity to the finfish cages. This will allow for the best dispersal of
waste form the finfish to reach the mussels before they are carried elsewhere or settle
to the sediment. Placement of co-cultured mussels next to salmon farms could be of
critical importance in future IMTA design.
The next method of studying suspension feeders is using well-studied physiology
and feeding habits of species to perform predictive analysis using mathematical
models. In order for a mussel to prove beneficial to a system, the amount of organic
matter removed should be larger than the amount of organic matter added (Cranford et
al. 2013). Using previously calculated clearance rates, Cranford et al. (2013) compared
the ingestion flux of mussels to the horizontal flux of particulate matter in a 1m2 vertical
plane of the water column to calculate the particulate capture efficiency. By using
established metrics, they can manipulate the parameters and report estimated rates of
particle ingestion given different IMTA scenarios, including different culture densities
and current speeds. Horizontal Flux (P = u x C) was calculated for a range of current
speeds (u) from 2 cm / s to 8 cm / s and a particle concentration (C) of 1 mg dry weight /
L. The minimum speed of 2 cm / s was used as it was found to be the threshold in
salmon production in the Bay of Fundy where below oxygen is depleted to below
adequate levels. Ingestion Flux (g / m2 * h) was calculated by the following equation:
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𝐼 = 𝐶𝑅 × 𝑁 × 𝐶

(8)

The clearance rate (CR: L / h) was set at 2.44 L / h for a 0.7 g mussel. These were the
average measurements found in a previous study in 2011. Ingestion flux was calculated
over a range of population (N: ind. / m2) density from a low to a high stocking density of
100 to 1000 individuals per m2. This upper limit equates to 5 droppers each holding 200
mussels spaced 20 cm apart. Horizontal Flux and Ingestion Flux were then compared
to calculate Capture Efficiency (E) by the following equation:
𝐸(%) = 𝐼/𝑃 × 100

(9)

The capture efficiency establishes the percentage of particles that the mussels ingest
relative to the particles being removed from an area purely due to horizontal flow of
water. Using the absorption efficiency calculated in the previous study by Reid et al.
(2010), Cranford et al. (2013) created their own Bioremediation indices. The benefit of
an extractive species is dependent on their ability to remove more organic matter in fish
feces than the amount contributed through egestion. This can be expressed in the
following bioremediation indices established by the researchers:
𝐵𝐼1 = 𝐴𝑜𝑓 / (𝐹𝑜𝑓 + 𝐹𝑜𝑠)

(10)

𝐵𝐼2 = 𝐴𝑜𝑓/𝐹𝑜𝑠

(11)

Mussel egestion rate is the combination of the egestion of organic matter from fish feces
(Fof) and from the organic matter from naturally occurring seston (Fos). The absorption
rate (Aof) is the rate at which organic matter is removed from the system in g/hour.
Equation (10) compares how fast OM is being removed from the system compared to
the rate OM is being added to the system from the seston and the feces. Results > 1
indicate a mean fast net removal. Equation (11) calculates the same metric but
excludes Fof. Both indices were calculated for a 0.7 g DW mussel with a range of
natural seston concentrations from 0 to 10 mg/L and a range of solid fish feces from 0.1
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to 5 mg/L. Their calculations also assumed that the mussels would have fish feces
available to them 50% of the time due to their typical location on the outside of fish
farms. By using their calculated rates of ingestion, previously calculated absorption
efficiencies from Reid et al. (2010), and a wide range of seston concentrations they can
observe the species’ bioremediation ability without requiring a laboratory experiment or
expensive field trial.
The highest capture efficiency calculated by the model was 3.5%. This was at
the lowest current speed of 2 cm / s and highest mussel density of 1000 individuals.
Lower current speeds of 4 and 8 cm / s corresponded with capture efficiencies of 1.7%
and 0.9% respectively. Using an arbitrarily set capture efficiency of 50%, the
researchers found that 15 high-density units would be needed with current speeds of 2
cm / s to meet that capture efficiency. The results show that capture efficiency was
severely limited by the amount of time the particles are in contact with the mussels.
Mussel culture units are typically in surface water 5 - 13 m below the surface outside of
open IMTA farms (Cranford et al. 2013). This limits the exposure to the fish feces and
uneaten feed pellets. Waste leakiness could also be a contributing factor if the organic
waste does not flow in a way for the mussels to be in contact with the excess
excretions. Although their ability to assimilate organic matter from fish farms is high, the
water and flow conditions in open ocean cultures can inhibit this ability. Their growth
rates in IMTA scenarios are significant so they have continued to be co-cultured as
extractive species, but this decision may be more industry driven rather than by their
extractive abilities (Cranford et al. 2013). Their role in the nutrient dynamics of an IMTA
system appear to be through the biodeposition of POM to the sediment to be used by
deposit feeders.

4.4. Methods of Testing Deposit Feeders in IMTA
Deposit feeder utilization in IMTA has been slower to develop, but they may play
a critical component in assimilating the particulate organic matter from the fish feces,
uneaten feed, and psuedofeces and feces from mussel cultivation (Mactavish et al.
2012). This is from a lack of research as more studies have been done on IMTA
incorporating seaweeds and bivalves. Different methods of researching deposit feeders
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have been used, primarily laboratory experiments. However, within laboratory
experiments, different metrics can be observed to understand the feeding habits of
deposit feeders and how they affect the sediment and the surrounding productivity.
The typical progression of experimentation has been laboratory experiments
before field experiments. However, Ahlgren (1998) deployed the sea cucumber,
Parastichopus californicus, in floating net pens in a salmon rearing facility in Southeast
Alaska before deposit feeders were being studied for IMTA scenarios in the lab. At this
time in Alaska, salmon were raised in ocean pens and then released to the wild where
they continue to grow to adult size, and then return to the hatchery site. This is referred
to as ocean ranching and is still done in Alaska today (Ahlgren 1998). This study
stands out among the rest as the aim of the study was to use the extractive species to
clean the pen the salmon were raised in. Fouling debris on the pens is made up of the
typical waste found in fish farms i.e. fish feces, uneaten feed, and particulate organic
matter. Three pens containing approximately 1 million salmon fry were used as the
experimental trial and 100 sea cucumbers were individually placed along the webbing of
each pen. An additional three pens were used as a control. The amount of debris on
the mesh of the pen was then measured at the end of six weeks. Ahlgren (1998) then
compared the organic content ingested by the sea cucumbers in the salmon fry pens to
the organic content ingested by sea cucumbers feeding in their natural habitat. The
same method for assimilation efficiency used in mussel studies by Reid et al. (2010) in
Equation 7 was used. The organic content in the food ingested and the organic content
in the feces can be compared using a ratio and turned into a percentage of
utilization. Quantifying the rates of assimilation can determine whether or not a sea
cucumber would be able to utilize the excess organic content released from finfish
cultivation.
In nets with sea cucumbers, an average of 58% of the m2 quadrants were
cleaned while nets without sea cucumbers showed a uniform “slime” consisting of
flocculent organic matter and algae, or fouling debris. The feeding was concentrated at
the center of the pen, so it is assumed the sea cucumbers were not able to stay on the
side of the pen long enough for sufficient cleaning due to the waves. Next the organic
content (OC) ingested was compared between sea cucumbers in their natural
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environment and in the salmon pens. Marine sediments typically have 1-20% OC and
in the experiment, the amount of OC ingested by the sea cucumbers in the natural
marine sediment was 38.3 ± 2.2% (Ahlgren 1998). This higher level ingested shows
that sea cucumbers have the capacity to select particles enriched with organic
matter. The organic content ingested by the sea cucumbers in the net pens was higher
with a value of 46.9 ± 1.1%. Sea cucumbers have a preference for sediment rich in
organic matter and this result shows that under levels of higher organic matter they can
continue to ingest. Lastly, the assimilation efficiencies showed that sea cucumbers
could assimilate the organic content from the debris on the nets three times more
efficiently than in the marine sediment. The assimilation efficiency from the marine
sediment was 15.0 ± 3.6% and was 48.7 ± 5.0% in the nets. This shows that not only
did the sea cucumbers ingest higher organic matter in the salmon pens but were able to
assimilate the nutrients from the organic content at a higher rate. Particles typical in
marine sediment can explain this difference in organic content. It was observed that
this specific field site had abundant levels of eelgrass and as eelgrass and seaweed
break down, the detritus can make up a significant amount of the flora on the
seafloor. As the particles age, they can become harder to digest. The fouling debris on
the pens were not subjected to the larger quantities of refractory particles as observed
in natural systems, allowing for a higher ingestion and assimilation rates.
As with all components in the IMTA system, laboratory experiments are essential
in establishing the optimum role a species can have in an IMTA scenario. Slater and
Carton (2009) used laboratory experiments to examine the effects sea cucumbers have
on the sediment chemistry under a mussel farm. Sediment samples from under a
green-lipped mussel farm in New Zealand and 40 sea cucumbers, Australostichopus
molis, were transported to a laboratory. Sea cucumbers were placed in 12 different
tanks, one organism each, and 3 control tanks. Every tank received a sedimentation
event of 75 g of sediment from the mussel farm. There were 4 different trial lengths of
1, 2, 4, and 8 weeks and at the end of the experiment sediment samples from the tanks
were taken to perform total organic matter and particulate nitrogen analysis. This form
of methodology looks into the direct effect the species can have on sediment chemistry
and the surrounding water column as opposed to the physiology of the species itself.
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Total organic matter (TOM) was shown to be higher in the control tanks without
sea cucumbers after 2, 4, and 8 weeks, however, these results were not statistically
significant. The grazed tanks with the sea cucumbers had an average of 7.50% TOM
and the control tanks had an average of 7.60% average TOM in the
sediment. Particulate organic nitrogen (PON) did not vary significantly between the
different trial lengths or controls, and in all tanks PON made up an average 0.15% in the
sediments. Total organic carbon (TOC), however, did show a significant decrease in
the grazed tanks versus the control tanks. TOC accumulated steadily in both the
grazed and control tanks over all the trial times increasing from 1.13 to 1.53% in the
control tanks and 1.10 to 1.49% in the grazed tanks. TOC was consistently and
significantly lower in the grazed tanks compared to the control tanks further
demonstrating the capability of the sea cucumbers to significantly reduce TOC
(Mactavish et al. 2012) . The TOM and PON did not provide significant results, however
it is critical to acknowledge the low power of the test due to the small-scale test. Using
only 40 organisms does not allow for adequate replicability. Even though the results did
not show a significant effect, the potential for deposit feeders to use bivalve waste can
still be seen and have shown significant results in other laboratory experiments (Zamora
and Jeffs 2011).
The effects deposit feeders have on the benthic environment are complex and
the role they can play in IMTA can be quantified in different ways. The previous
laboratory experiment focused on the organic content in the sediment because of sea
cucumbers capability to ingest organic matter. Deposit feeders are also bioturbators
due to their burrowing and mixing of the sediment, which affects the benthic
environment. The sea cucumbers remineralization of nutrients can impact the bacterial
activity in the local ecosystem. MacTavish et al. (2012) also investigated the sea
cucumber Australostichopus mollis in New Zealand and quantified the role bioturbation
plays on the sediment and the impact on the bacterial activity. Sediment enriched with
psuedofeces and feces, or biodeposits, from the endemic green lipped mussel was
exposed to the sea cucumbers. Then the organic content, bacterial abundance, and
nutrient exchange between the sediment and water was analyzed. Sediment cores
were taken from an area unaffected by aquaculture and where sea cucumbers are
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normally found. Eight cores were then supplied with the biodeposits from a mussel farm
and of those eight, four were supplied with sea cucumbers. Based on a median
deposition rate of benthic loading underneath a bivalve farm, 425 g wet weight / m2 *day
of biodeposits was added to the sediment cores. Tank experiments simplify the larger
ecosystem, but using parameters found in previous studies can help inform the design
of other experiments to simulate a more accurate experimental environment.
The lab experiment by MacTavish et al. (2012) on bacterial abundance defined a
different role for deposit feeders in IMTA. Organic content was observed to be highest
in the sediment with the mussel waste without sea cucumbers at 10.4 ± 0.7%, while the
sediment with sea cucumbers plus mussel waste had an organic content of 7.9 ± 0.7%
after 14 days. This shows the expected outcome of increased organic loading from the
mussels and further indicates sea cucumbers capacity to absorb and assimilate
sediment enriched with organic content from mussel waste. Most significant was the
increase in bacterial abundance observed due to the presence of A. mollis. In the top
0.5 cm of the sediment core there was a significant difference in bacterial
abundance. Sediment cores with mussel biodeposits plus sea cucumbers had a
bacterial count of 1.6 ± 0.3 x 107 cells / cm3 while cores with just the mussel biodeposits
had 0.7 ± 0.1 x 107 cells / cm3 showing a more than 50% increase in bacteria with sea
cucumbers. Nutrients were also recorded in all cores before mussel waste addition and
showed no significant difference in NH4+ or NOx. Once the experiment began, cores
with the sea cucumbers had significantly higher NH 4+ effluxes averaging 11to -64 µmol /
m2 *h while cores with no sea cucumbers had an average NH 4+ flux of 8 to -22 µmol /
m2 *h. By increasing the bacterial activity through bioturbation, the remineralization of
nutrients back into the water column was also increased. DIN was released back into
the system which can be further used by primary producers. The enhanced bacterial
activity can also be attributed to the deposition of feces from the sea cucumbers to the
sediment. Because sea cucumbers would contribute more OM to the sediment through
their feces than in the system with just mussel biodeposits, the decrease of OM with the
sea cucumbers shows even more significant reduction. The increased OM content in
the sediment due to the mussel waste and consequential decrease in the presence of
A. mollis coupled with an increase in DIN indicates decomposer activity. Increased
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bacterial abundance increased OM remineralization showing that bioturbators can
enhance OM decomposition. Other studies have shown the direct effect sea
cucumbers can have by ingesting and assimilating the added organic content, but
MacTavish et al. (2012) showed that they can also play an important indirect role by
increasing bacterial activity.

4.5. Two or More Trophic Level Experiments
In order to create the balanced ecosystem proposed in the conceptual model of an
IMTA scenario, more than one extractive species should be used. Most research has
investigated the role of a single extractive species co-cultivated near a fed species. By
putting all the trophic levels together can show the balanced system it can be. When all
components are used together, the hypothetical flow of nutrients is more complete. Due
to the complexities from the different components, mathematical models are a necessity
when testing species within an IMTA model. Biomass and production of each trophic
level needs to be optimized so the pattern of trial and error seen in the individual
components is not an option (Ren et al. 2012). By using species specific parameters
found from previous experimentation, complex models can be used for experimenting
with a full IMTA system. From there pilot operations can be used before commercial
scale implementations. But there is no universal model framework used as each
researcher has compiled their own combination of models for their study. Ren et al.
(2012) coupled an ecosystem model with a Dynamic Energy Budget (DEB) while Cubillo
et al. (2016) used a farm scale framework to incorporate individual growth and
environmental effect models for each extractive species. Both have relied on the
previous work of other researchers to compile their model parameters.
Ren et al. (2012) developed an IMTA model that incorporates every component in
the system, pelagic (water column) and benthic (seafloor). A hydrodynamic model was
created to simulate IMTA scenarios in two different bays in New Zealand. Water
samples from Port Ligar near a mussel farm and from Waihinau Bay near a salmon
farm were taken and analyzed for POC, PON, NH4+, NO3-, temperature and
salinity. Every cultured species of the system (salmon, seaweeds, mussels, and sea
cucumbers) and every non-cultured species (phytoplankton, zooplankton) had a
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Dynamic Energy Budget (DEB) model included. A DEB describes the rates at which an
individual organism assimilates and utilizes energy in order to grow and reproduce.
Once models for each trophic group are established, specific parameters can be
added. For this study, parameters for the Atlantic salmon (Salmo salar), the Asian sea
cucumber (Stichopus japonicus), the endemic seaweed (Eklonia radiata), and the
locally farmed mussel (Perna canaliculus) were added. By dividing the different
components within the ecosystem model, an IMTA box model was created.
The hydrodynamic model determined the size and water exchange between the
benthic and pelagic compartments to incorporate the effects of tidal currents. Particle
tracking and dispersal algorithms were embedded in the hydrodynamic model to
determine the biodeposition to the benthic compartment by the salmon and mussel
farms. The benthic compartment was defined as the area where 90% of the particles
settle. The model was run for two IMTA scenarios: a mussel farm with seaweeds and
sea cucumbers and a salmon farm with seaweeds and sea cucumbers. The study area
was in the location of previously established mussel and salmon farms and the model
was run to simulate IMTA scenarios by converting monocultures into IMTA through the
addition of co-cultures. To establish and examine the ecological benefit of switching
from monocultures to IMTA the model was used to estimate stocking densities of the
extractive species
By first running the model for the mussel and salmon monocultures, ammonia
concentrations were shown to be 4 times higher in the salmon farm than in the mussel
farm. The biodeposition rate under the mussel farm was low and ranged between 0.15
and 0.50 g C / m2 *d1 while the biodeposition rates under the salmon farm were
considerably higher reaching a maximum at around 150 g C / m2*d1. Then the model
was run for the IMTA scenario. For seaweed co-cultures, seaweed biomass increased
but under the salmon farm there was 100 times more biomass than under the mussel
farm. Biomass under the mussel farm did not reach above 0.25 x 10 3 kg / ha while
under the salmon farm over 30 x 103 kg / ha was produced. Nutrient removal efficiency
for both the mussel and salmon farm were shown to be an average of 70% with higher
efficiencies seen in the mussel farm. The simulated nutrient removal efficiencies are
shown in Figure 8.
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Figure 8: Predicted nutrient removal efficiencies of the seaweed Eklonia radiata at a
salmon farm (solid line) and a mussel farm (dashed line) (Ren et al. 2012).
The last component of the model describes the potential for sea cucumbers in IMTA
scenarios. By the end of the model run, it was estimated that the mussel farm and
salmon farm could theoretically yield 210 kg / ha and 25,000 kg / ha respectively of
biomass of sea cucumbers (Ren et al. 2012). The higher yield under the salmon farm
can be explained by the significantly higher biodeposition rates associated with the
salmon farm. Through this, the researchers were able to suggest optimum stocking
densities of sea cucumbers of 500 and 30,000 for mussel and salmon farms
respectively.
Physiological information on the locally farmed chinook salmon was not available so
parameters based on the Atlantic salmon were used. The Asian sea cucumber was
also used in the parameters but when physiological data on the New Zealand sea
cucumber, Australostichops mollis, is complete the model can be run again using more
localized species. This shows the adaptability of complex models and their potential to
be used across the globe for different environments and different species. The model
outputs show that IMTA has potential for reducing the environmental impacts of
aquaculture while increasing biomass yield and the potential for increased revenue.
Cubillo et al. (2016) used a similar approach but expanded the IMTA scenarios
tested with a focus on the role of deposit feeders. A deposition model (ORGANIX) was
used to examine the waste loading from fish and mussels to benthic deposit
feeders. Finfish production and their particulate and dissolved emissions was modeled
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using AquaFish and Atlantic salmon for parameterization. AquaShell was used in a
similar way for the suspension feeder component and the parameters were set by the
oyster, Crassostrea gigas. The outputs of ORGANIX and AquaFish were used for an
AquaDep model which simulated the growth and environmental effects of the sea
cucumber and the parameters were filled by the sea cucumber, Parastichopus
californicus. Seaweed production was also modelled and parameterized by the kelp,
Alaria esculenta. Lastly, the Farm Aquaculture Resource Management (FARM) model
was used to simulate the physical transport of particulate and dissolved material within
the system and the effects on the individual growth models of the species within the
system.
With sea cucumbers as the primary species being tested, 6 different IMTA
scenarios as well as a sea cucumber monoculture were run in the model and are
described in Table 1.
IMTA
Scenario
1
2
3
4
5
6
Table 1:

Species incorporated
Sea cucumbers with finfish (5 ind/m^2)
Sea cucumbers with finfish (20 ind/m^2)
Sea cucumbers with pacific oyster longline cultures (100 oysters
/m^2)
Sea cucumber, finfish, and shellfish
IMTA 4 with kelp
IMTA 5 with 4 X sea cucumber stocking density
Different IMTA scenarios run in model simulations by Cubillo et al. (2016).

The model was run for 400 days as that would be the length of cultivation for all of the
species in the IMTA model. Total physical product (TPP) illustrates how much biomass
was rendered from the different IMTA scenarios. IMTA scenario 6 incorporates all four
trophic levels and increased the sea cucumber stocking density and had almost 18
times more TPP than in the sea cucumber monocultures. Kelp also saw a 22%
increase in TPP in IMTA 5 with all species incorporated. Growth of the culture species
is shown to consistently improve in an IMTA scenario. The annual POC removal by the
deposit feeders also showed a significant increase between monocultures and a 4
species IMTA. IMTA 6 showed the highest removal of 8,231 g C / m2*y with increasing
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removal rates seen with increasing species used. Within IMTA 3, biomass increased
40% but was associated with only a 14% more POC deposition to the sediment. This
further indicates the strong relationship between pelagic and benthic components and
the coupling of suspension and deposit feeders to reduce organic content.
The goal of the model is to predict the optimum production capacity that allows for
highest biomass yields while including the appropriate nutrient cycling. If the stocking
density of extractive species is too high, food may be limited and inhibit adequate
productivity. If the stocking density is too low, then the bioremediation effects cannot
reach significant levels (Cubillo et al. 2016). The researchers were able to show the
ability for IMTA to reduce the negative impacts from finfish cultivation, especially the
positive role sea cucumbers have in organic content removal. This model provides a
tool for future researchers to input parameters specific to new studies using different
species and different environmental scenarios.
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5. Factors Inhibiting Aquaculture Development in the United
States
Complex laws involving a combination of regulatory agencies, social perceptions,
opposition from fishers and ENGO (environmental non-governmental organizations),
and other factors have hindered the development of offshore aquaculture in the United
States. The National Aquaculture Act of 1980 was enacted at the onset of the surge in
industry-scale aquaculture and recognized the importance aquaculture would have in
providing seafood for the growing population (Fairbanks 2019). The National
Sustainable Offshore Aquaculture bills of 2009 and 2011 sought to operationalize
offshore aquaculture but did not become law as well as other bills with the same goal
(Knapp and Rubino 2016). The National Oceanic and Atmospheric Administration
(NOAA) claims primary jurisdiction over all activities in the ocean and in June 2011
issued policy statements supporting the expansion of marine aquaculture jointly with the
Department of Commerce (Fairbanks 2019) . This policy helped to define marine
aquaculture policy in the U.S. Exclusive Economic Zone (EEZ), which is the area
between 3-200 nautical miles off the U.S. coast. Most aquaculture production has been
within the first three nautical miles, but as offshore aquaculture becomes more of a
necessity, more regulations are needed to govern the offshore waters. State agencies
have the jurisdiction for aquaculture within the first three miles while operations in the
EEZ are considered federal waters. In order to establish an aquaculture operation,
permits are typically acquired from the Army Corps of Engineers and require
correspondence with other agencies for Environmental Impact Statements and
Environmental Assessments. Further consultations with state and local agencies are
also required (Fairbanks 2019). If only one agency wants to cancel an aquaculture
permit due to their own regulating agenda, such as preserving water quality or
unobtainable water quality standards, or the permit is delayed, aquaculture investment
is wasted (Knapp and Rubino 2016). Without a systematic method or comprehensive
regulatory framework for applying for permits in federal waters, US aquaculture will not
be able to continue to expand.
Negative public opinion of aquaculture is also a contributing factor for the lack of
growth and policies. The wide variety of aquaculture methods from ponds, tanks, and
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cages creates an incohesive message to the public and from a lack of understanding,
negative opinions are established. The negative effects of aquaculture have been well
documented, but the development and continued research for sustainable methods,
including IMTA, have not been integrated into public knowledge. Information released
to the public has primarily been from ENGOs in opposition to aquaculture (Knapp and
Rubino 2016). ENGOs have continued to address the negative impacts without
recognizing the progress and innovations that have occurred since the 2000s. This
anti-aquaculture perception is further strengthened by the opposition from commercial
fishers and residents living in coastal regions. Fishers see an increase in aquaculture
as a threat to their livelihood as jobs can be lost and their product can see price cuts if
cheaper alternatives are provided through aquaculture (Knapp and Rubino 2016). On
the other hand, coastal residents fear their view will be obscured by aquaculture
operations. Even though aquaculture uses less land and less resources than other
forms of protein production, such as the cattle industry, negative opinions persist.
The FAO has listed the United States as one of the countries with the highest
potential for marine aquaculture expansion (Knapp and Rubino 2016). The long
coastlines in the United States correspond to a large EEZ, but operations are still
small. Aquaculture in the US generates a revenue of $327 million in 2014 compared to
$258 billion by the other sectors of the ocean economy including tourism, shipping,
recreation, and commercial fishing (Knapp and Rubino 2016). Permits and leases are
required for development and expansion, but the fragmented set of agencies and
policies governing future development has limited offshore aquaculture in US federal
waters. There are only three commercial offshore shellfish farms off of New England
and California (Fairbanks 2019). There is a demand and investment potential for more,
but some shellfish farms in the Pacific Northwest have waited more than 15 years for
permit approval and finfish farms in Washington, Hawaii, and California, have been
waiting for expansion permits. There is great potential for the United States to further
develop sustainable aquaculture, but this potential cannot be met until policies have
changed.
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6. Management Recommendations & Conclusions
Aquaculture is a critical component in providing necessary protein to the world’s
growing population. For this need to be met, advances in technology and methods are
required. Without the development of sustainable aquaculture, the negative effects
occurring due to the current global aquaculture status could be detrimental. The excess
nutrients from fish cultivation are released into the surrounding environment polluting
waters and destroying habitats. By mimicking the flow of nutrients seen in a natural
ecosystem, IMTA hopes to be the solution for the environmental pollution documented
by heavy concentrations of finfish monocultures.
A seaweed’s ability to remove dissolved inorganic nutrients from a local ecosystem
has been well studied and documented. Their nutrient reduction properties have led to
the increase in seaweed farms, but by incorporating them into an IMTA operation, their
positive effects can be localized. To quantify a seaweed's role in an operation, the
nutrient removal efficiency and nutrient uptake rate are the predominant metrics which
show how much DIN a specific species removes from the system. Their bioremediation
potential is increased with stocking density and some experiments involving seaweed
and salmon production show that large amounts of seaweed would be needed in order
to completely remove the nitrogen from the effluent. The production of 1 hectare of
salmon can require up to 23 hectares of seaweed farms in order to assimilate just 10%
of the nitrogen output (Park et al. 2018). This would require a large amount of space,
but the clear demand for seaweed in the recent decades should provide an adequate
market and incentive for the added crop.
Because suspension feeders utilize a different aspect of the nutrient cycle,
different metrics are required. The organic content from the food and the organic
content from mussel feces provide the assimilation efficiency. Research has shown
inconsistent results on suspension feeders’ bioremediation, but their ability to grow in
IMTA scenarios and be a marketable product has led to the continued use of bivalves
alongside fish farms. Aquaculture is still a commercial industry, and the prevalence of
bivalve cultivations indicate that their cultures are primarily industry driven. The studies
show that their ability to remove the suspended particles is dependent on the exposure t
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the particulate matter, so it is important that these species are close to the farmed
fish. Mussels cannot remove the seston if they do not come into contact with
it. Heavier, larger particles will settle quicker to the sediment, but the suspended
particles will remain in the water column. This suggests that suspension feeders should
be placed around the fish cages while seaweeds can be placed further out from the fish
farm. Figure 9 from the Bay of Fundy, Canada operation follows this layout and has
seen continued success.

Figure 9: Design of IMTA farm in the Bay of Funday, Canada (Chopin et al. 2013).

Deposit feeders have been less utilized within IMTA, but the research strongly
suggests the high organic content removal they can provide. Sea cucumbers not only
remove large particulate organic matter, but through their feeding habits can stimulate
bacterial activity and enhance the remineralization of organic matter into DIN for
increased primary productivity. The cultivation of deposit feeders, like sea cucumbers,
is less established and are typically farmed as monocultures in shallow waters (Chen
2004). The methods of cultivation of sea cucumbers, such as in cages suspended in
the water or cages on the seafloor, will need to be further researched in order to
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integrate sea cucumbers within common IMTA scenarios. Most IMTA research has
been focused on finfish, bivalves, and seaweeds, but the bioremediation potential and
commercial value of sea cucumbers make them a critical component in sustainable
aquaculture.
Studies within IMTA focus on the water column for seaweeds, the extractive
organism for suspension feeders, and the sediment for deposit feeders. To test each
system, laboratory experiments can establish the maximum potential a species can
have. Models can incorporate more complex interactions not seen in the simplified
systems of tank experiments. And lastly, the practical rates of absorption can be seen
in the open ocean experiments. The ever-changing water and flow conditions of the
open ocean inhibits the full potential of a species extractive abilities. However, these
abilities can still be significant in reducing the nutrient loading from finfish cultivation. As
experiments continue, models will be a necessary tool to test IMTA scenarios with more
than one extractive species alongside a fed species.
Because IMTA is still in the development stage, continued research is required in
order to see more commercial scale IMTA systems. The only commercial scale IMTA
system based on scientific research is located in the Bay of Fundy, Canada (Chopin
2013). Salmon, kelp, and mussels have been cultivated in Canada successfully since
2001 and through the implementation of a Canadian Integrated Multi-Trophic
Aquaculture Network, research will continue to advance (Chopin et al. 2013) The
policies in Canada incentivize the continued research of more sustainable aquaculture
and will hopefully provide the framework for other countries to follow. The United States
has a $14 billion seafood deficit, meaning the amount of seafood products imported to
America far exceeds the amount of seafood exports (Lester et al. 2018). This should
encourage the US government to create and implement policies that allow for more
aquaculture operations in US waters. Aquaculture also has a great potential for the
creation of jobs. It is predicted that if aquaculture in the US is doubled and reaches a
production of 1 million tons of seafood, 50,000 jobs can be created (Knapp and Rubino
2016). Improved public opinion could also help spur policy changes. The Monterey
Bay Aquarium Seafood Watch Program encourages consumers to learn more about
sustainable seafood and ensure the seafood they eat has been responsibly sourced,
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farmed fish or wild caught (Kemmerly and Macfarlane 2009). Programs like this involve
the consumer into the conversation and are vital in engaging the public with aquaculture
operations. Educating the public has the potential for increased political involvement
and can help more people take part in the policies shaping aquaculture.
Even though IMTA appears to be a viable option for the continued innovation of
sustainable aquaculture, it only addresses one aspect of the environmental
impact. IMTA does not solve the problem of farmed fish escaping from the open ocean
cages which affects the competition with wild populations for food, habitat, and
spawning partners and impact the genetic makeup of their offspring. To prevent
escaped fish, the improvement on containment technology is needed. There are also
continued efforts to improve the feed fed to the farmed fish to improve fish growth and
reduce the amount of feed lost into the surrounding water column. Aquaculture is a
complex industry and IMTA hopes to mitigate the negative impacts from nutrient
release, but other factors are involved and necessary to improve the aquaculture
sector. There are still further developments that could help address these issues but
focusing on the nutrient remediation of intensive aquaculture can be addressed through
IMTA. As a newer method of aquaculture innovation, I am hopeful that IMTA will
continue to grow and improve so that we can see the sustainable production of seafood
that the global population depends upon.
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